A spectroscopic characterization of the electronic ground state of rhodium monoboride
I. INTRODUCTION
Palladium (Pd) is an interesting transition metal. The metal itself is an active catalyst, many palladiumcontaining compounds such as palladium acetate, 1 palladium nanoparticles, 2 and palladium alloys 3 also have catalytic properties. Palladium-catalyzed coupling reactions, such as in the formation of carbon-carbon bonds, are extremely useful in organic synthesis. 4 Many complex reactions involving Pd are well known, but simple diatomic molecules that can provide fundamental knowledge of the metal bonding are amongst the least studied. For diatomic molecules formed from Pd and the first row main group elements, preliminary work has only been reported for PdC, 5, 6 PdO, 7 and PdB 8 molecules; however, nothing is experimentally known for the PdN and PdF molecules.
Palladium dimer (Pd 2 ) is an excellent starting point for studying the properties of Pd metal bonding. There have been many theoretical calculations concerning the ground and low-lying electronic states of Pd 2 . [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Shim and Gingerich conducted non-relativistic all electron ab initio Hartree Fock (HF) with configuration interaction (CI) calculation, and predicted a 1 + g ground state with a bond length of 2.75 Å. 11 Balasubramanian, using CASSCF/MCSCF followed by multireference single and double CI, and relativistic CI calculations, 13, 14 calculated 41 low-lying electronic states and predicted the ground state to be a 3 + u state. Almost simultaneously, Kleinman and co-workers used local-spindensity (LSD) theory calculations also obtained a 3 + u ground state. 15 Subsequently, both Schwerdtfeger et al. 16 who employed a size-consistency-corrected CI method with electron correlation effects and Zerner et al. 17 who used the SCF/CI level obtained a 3 + u ground state. Harada and Dexpert, 19 and Efremenko et al. 23 used different density functional theory (DFT) methods, both obtained triplet ground state for Pd 2 . Experimental investigation has proven to be a challenging and difficult task. Pd 2 was first studied by Ozin et al. 28 was recorded and a weak transition in the UV region was attributed to Pd 2 species, but no detailed analysis was made. The Morse group 29 has attempted to record the spectrum of Pd 2 in the visible and near IR regions using two-photon ionization spectroscopy, but no transition was observed. Lineberger and co-workers, 30, 31 using photo-detachment spectroscopy, studied several low-lying electronic states and determined the ground state of Pd 2 to be the X 3 + u state. In this work, we report the [17.1] 3 g − X 3 + u transition system of Pd 2 in the visible region. The ground X 3 + u state has been confirmed and an accurate vibrational frequency was determined. The spin splitting of the ground state has been discussed and a molecular orbital (MO) energy level diagram is used to understand the electronic structure of the Pd 2 molecule. Our obtained results are also compared with the Group VIIIA and IB transition metal dimers.
II. EXPERIMENT
The apparatus used for obtaining the LIF spectrum of Pd 2 has been described in previous publications. 32, 33 A brief description of the relevant experimental conditions is given here. The Pd 2 spectrum was first observed when we studied the spectrum of PdB molecule 8 by reacting laser ablated Pd atoms with 0.5% diborane (B 2 H 6 ) seeded in argon. The Pd 2 spectrum could also be recorded with the Pd 2 molecule produced from laser ablation of a Pd rod in the presence of pure argon, but the signal-to-noise ratio of the spectrum was worse. Subsequently, all Pd 2 spectra were recorded with the presence of a trace amount of diborane in argon. Both tunable pulsed dye and optical parametric oscillator (OPO) lasers were used to excite the Pd 2 molecule. They were individually pumped by different Nd:YAG lasers with wavelength set to 355 nm, giving tunable output wavelength covering the UV and visible regions. The energy output from the tunable pulsed lasers was about 10 mJ/pulse, the wavelength of the lasers was measured by a wavelength meter with accuracy around ±0.02 cm −1 , and the linewidth of the dye and OPO lasers was found to be about 0.07 and 0.12 cm −1 , respectively. The tunable laser output was used to excite the jet cooled Pd 2 molecule. The LIF signal was directed into a 0.30 m monochromator and it was subsequently detected by a photomultiplier tube (PMT) at the exit slit of the monochromator. The monochromator was used for two purposes: (i) obtaining wavelength resolved fluorescence spectrum and (ii) as an optical filter in recording the LIF spectrum. The PMT output was fed into a fast oscilloscope for averaging and storage.
III. RESULTS AND DISCUSSION
The LIF spectrum of Pd 2 in the region between 480 nm and 700 nm was studied. Eleven vibrational bands were recorded and analyzed. Figure 1 depicts the LIF spectrum of Pd 2 with three sub-band transitions identified and labeled. The (0, 0) and (1, 0) bands have large intensity and were truncated to enhance the weaker transition bands shown in the diagram. The wavelength resolved fluorescence spectrum of the (0, 0) band of the 3 1g − 3 + 0u − transition at 583.2 nm is given in Figure 2 , which shows clearly a vibrational sequence with separation about 210 cm −1 . This vibrational separation matches well with the value obtained by Lineberger and his co-workers, 30, 31 and is consistent with the v'' = 2 v'' = 1 carrier of the spectrum being Pd 2 . In addition, these bands are very congested and have no resolved rotational structure. The palladium atom has six naturally occurring isotopes and five of them have relatively large natural abundances [ 104 Pd (11.14%), 105 Pd (22.33%), 106 Pd (27.33%), 108 Pd (26.46%), 110 Pd (11.72%)]. For the palladium dimer, there are a total of 15 isotopic molecules that can be formed from these atoms and they all have sizable contributions to the observed band. These isotopic molecules have slightly different reduced masses, hence, slightly different vibrational and rotational constants, and the observed band shows no resolved rotational structure but only heavily overlapped band structure. The observed bands have been assigned to be the [17.1] 3 g − X 3 + u transition system of Pd 2. In addition to the visible region, the UV region has also been searched for possible Pd 2 transition. Ozin et al. 28 studied palladium atoms and molecules isolated in solid argon, a weak absorption transition at 265 nm was attributed to the Pd 2 molecule. We have searched extensively for this weak absorption band in this work; however, no transition could be found in this spectral region.
For the ground X 3 + u state, a broadening of the band in the photo-detachment spectrum by about 30 cm −1 was interpreted as likely to be arising from the splitting into = 0 u − and = 1 u components by Lineberger et al. 30, 31 This splitting was calculated by Balasubramanian 13 to be 9 cm −1 , with the = 1 u component lying lower in energy. This splitting arises from second-order spin-orbit coupling effects, which become significant in heavier transition metals such as palladium. As far as the upper state is concerned, the observed band system shows one intense set of sub-bands and two other much weaker sets of sub-bands. When the X 3 + u state is the lower state, the only electric-dipole allowed transitions that can give such results are namely, 3 2g
where it is assumed that thetype doubling between the = 0 components of the 3 g state is too small to be resolved. Furthermore, if the 3 + u spin splitting is large, with the 3 + 0u − level lying lower in energy, then a low thermal population in the 3 + 1u level can explain the weak intensity of the 3 2g − 3 + 1u and 3 0g − 3 + 1u sub-bands. Accordingly, the bands with the largest intensity have been assigned to be the (0, 0) and (1, 0) band of the 3 1g − 3 + 0u − ( = 1 − = 0) sub-band and a clear vprogression can be observed in this sub-band. The two lower intensity band sequences have been assigned as 3 0g − 3 + 1u ( = 0 − = 1) and 3 2g − 3 + 1u ( = 2 − = 1) subbands. While the 3 0g − 3 + 1u sub-band is well separated in energy, the 3 2g − 3 + 1u sub-band gradually overlaps with the 3 1g − 3 + 0u − group as the v number increases, especially in the case of (1, 0) band and (2, 0) bands. Under this assignment, the two sets of sub-bands with = +1 are of larger intensity than the one with = −1. This is consistent with the situation that the transition strength of subbands with = +1 is larger for a = +1 transition. Since the 3 2g − 3 + 1u sub-band is higher in energy than the 3 0g − 3 + 1u sub-band, the upper state has been assigned as a regular 3 g state with the = 2 sub-state higher in energy in this work. However, our assignment was based only on intensity consideration; there might still be slight possibility that Table I .
Since the recorded bands have well defined contour, we have attempted to simulate the band contour using the PGO-PHER program. 34 The band contour was simulated using molecular constants for the upper and lower states with a temperature set at about 60 K and a linewidth of 0.12 cm −1 . A sub-program was written to incorporate contributions from all the 15 isotopic molecules that have slightly different molecular constants arising from the differences in reduced masses and their relative abundance. The overall simulated contour was compared to the experimentally observed envelope for determining the quality of the fit. At this stage, only molecular constants for both the upper and lower states were adjusted until an acceptable fit was obtained. Figure 3 shows the simulation results of the (1, 0) band of the 3 1g − 3 + 0u − and 3 2g − 3 + 1u sub-band transitions and the observed spectrum. The solid black line is the observed spectrum and the dash lines are the simulation results. The broad features of the simulated contour matched reasonably well with the observed contour although there was some slight discrepancy in reproducing the fine features. Considering the complexity of this simulation process, the agreement is quite reasonable. The molecular constants used in the fit are listed in Table II . From the simulation results, the bond length r 0 determined for the excited 3 g state and the ground X 3 + u state are 2.52(4) Å and 2.47(4) Å, respectively. Since only the band contour was fitted, the obtained bond lengths should only be considered as approximate. This is why there is a relatively large uncertainty in these values. For the ground X 3 + u state, the G 1/2 was determined to be 211.4(5) cm −1 , which is of higher accuracy than the value obtained by Lineberger. 30, 31 The ground X 3 + u state is subjected to a sizable second-order spin-orbit coupling effect, which separates the 3 When the beam of molecules is cold enough that only the ground substate is well-populated, one strong sub-band is expected if the 3 + 0u − sub-state lies lower in energy, while two strong subband systems are expected if the 3 + 1u sub-state lies lower in energy. Thus, the fact that we observe one strong sub-band system and two-very weak ones shows that the 3 + 0u − substate lies lower than the 3 + 1u sub-state. Other than this fact, however, our data do not permit us to establish the magnitude of the spin-orbit splitting in either the 3 + u or the 3 g state. As shown in Table I , the sub-bands identified are consistent with a 3 − 3 transition, but it is immediately clear that the spin structure of one of the electronic states must be unusual because the sub-bands do not lie in an expected energy order. 35 Generally, for a 3 state, the first order spinorbit coupling gives rise to relatively large and roughly equal spin-orbit separations between the three spin components, and the spin-spin splitting of a 3 state would normally be small. The expected pattern for a 3 − 3 transition would have approximately equally separated sub-band transitions and the 3 2g − 3 1u sub-band is of the highest energy. As far as the (0, 0) band is concerned, the 3 2g − 3 + 1u and the 3 1g − 3 + 0u − sub-band transitions are fairly close to each other; if the ground state separation between the 3 + 1u and 3 + 0u − components is small, the spin-orbit splitting between the 3 2g and 3 1g sub-states would also be abnormally small. As shown in Table I, the energy separation between the 3  2g and 3   0g sub-state is 82.0 cm −1 , it is unreasonable to have the energy separation for the 3 2g and 3 1g spin components to be only a few wavenumber for all the three observed vibrational levels. If the 32 cm −1 splitting indicated by Lineberger and coworkers 30, 31 was taken to be the effective spin-spin separation of the ground state, the spin-orbit separation between the 3 2g and 3 1g , and 3 1g and 3 0g sub-states are, respectively, 37 and 45 cm −1 for the v = 0 level, 36.5 and 61.2 cm −1 for the v = 1 level, and 32 and 64.7 cm −1 for the v = 2 level. The transition band observed and their corresponding assembled energy levels are given in Figure 4 . Figure 5 shows qualitatively the relative energy order of the MOs formed from the 4d and 5s atomic orbitals (AO) of the Pd atoms. The more stable 4dσ g , 4dπ u , 4dδ g MOs and the higher energy 4dσ u , 4dπ g , 4dδ u MOs are formed from the Pd 4dσ , 4dπ and 4dδ AOs. The 5sσ g and 5sσ u MOs are formed from the Pd 5s AOs. The Pd 2 molecule has a X 3 + u ground state, and the electronic configuration is 4dσ 2 g 4dπ 4 u 4dδ 4 g 4dδ 4 u 4dπ 4 g 5sσ 1 g 4dσ 1 u → X 3 + u and 1 + u .
(1) From our observed spectrum, there is no doubt that the X 3 + u state is the ground state of Pd 2 with electrons in the σ 1 g σ 1 u configuration. Due to the spin-orbit coupling effects, the 23 all other calculations were able to obtain the X 3 + u ground state. However, the predicted bond length varied from case to case and there seemed to be fewer agreements on the calculated vibrational frequency.
It is enlightening and interesting to compare the electronic structure of both the Group VIIIA (nickel) and Group IB (coinage group) dimers. The corresponding ground state information is summarized in Table IV . The coinage group dimers are most well studied molecules due to a large variety of production methods and the simple closed d-shell configuration in the atomic ground state. [36] [37] [38] [39] [40] [41] [42] [43] Extensive investigations on Ni 2 and Pt 2 have also been reported both experimentally and theoretically. 31, [44] [45] [46] [47] [48] [49] [50] [51] [52] For the transition metals, it is generally recognized that the size of the nd and (n+1)s orbitals change as one moves across the periodic table from left to right: the nd orbitals contract more heavily than the (n+1)s orbital. Therefore, d orbitals in the late transition metals are less available for chemical bonding. Unlike the 3d series, this effect is less severe in the 4d and 5d series where the relativistic effect causes s orbital contraction and d orbital expansion.
Nickel as a 3d metal has a 3d 8 4s 2 ( 3 F 4 ) atomic ground state. In order to engage in an effective chemical bonding, both atoms are required to be excited to the 3d 9 4s 1 ( 3 D 3 ) configuration. Note that this requires only 204.787 cm −1 of energy per Ni atom, an amount that is negligible compared to the strength of the Ni-Ni bond. Morse et al. 46 performed ligand field calculation and conducted experimental investigations 44, 47 on the nickel dimer (Ni 2 ), the most recent The platinum dimer (Pt 2 ) is constructed with the two Pt atoms in 5d 9 6s 1 ( 3 D 3 ) state and the Pt 2 ground state is determined to be either 0 − u or 0 + g . 50 Early calculations predicted two dδ holes in the ground state electronic configuration, 45 but the large bond energy found experimentally suggestions that the d-holes are located in orbitals that are more strongly antibonding than the 5dδ u orbitals. By making comparison with Au 2 , Morse claimed that the d orbitals contribute substantially to the bonding, leading to a strong Pt-Pt bond equivalent to a double bond. Recently, O'Brien et al. 51 suggest that the 5dholes are located in the 5dπ g anti-bonding orbitals leading Pt 2 to have a 3 − g ground state with a double bond. For Pd 2 , the Hartree-Fock calculations performed by Gingerich and co-workers 11 showed that the interaction between the two Pd atoms in their 4d 10 ( 1 S 0 ) ground state is essentially repulsive and that excitation to 4d 9 5s 1 ( 3 D 3 ) is needed to form a chemical bond. They predicted the ground state to be 1 + g from the combination of two excited state atoms in their 4d 9 5s 1 ( 3 D 3 ) states. They assumed that among the holes in localized dσ , dπ , dδ orbitals, the configuration with the holes in the 4dδ orbitals resulted in the lowest total energy. The ab inito calculations by Balasubramanian 13 suggested a 3 + u ground state for Pd 2 from bringing together one atom in the 4d 10 ( 1 S 0 ) state and one excited atom in the 4d 9 5s 1 ( 3 D 3 ) state. This new approach resulted in the ground state that agreed with the photo-detachment experiment 31 and our results. Their assignment of the MO valence configuration is shown in Figure 5 .
In conclusion, the LIF spectrum exhibits a pattern of 3 g − 3 + u transition and the vibrational structure allowed the determination of the vibrational frequency of both the ground and excited states. Using the method of contour sim-ulation, the rotational constants and, hence, the bond length of the two states involved were estimated. In our analysis, the intensity of transitions involving the X 3 + u (0 − u ) sub-state is always the strongest and also consistent with the assignment of it to be the lowest energy component of the ground state. With the help of a simple molecular orbital argument, we examined the bonding characteristics of the 4d and 5s orbitals of the Pd 2 molecule.
